Climate change models predict a progressive increase in global average temperatures of up to 4.6 o C by the year 2100, with regions at higher latitudes warming faster than those at lower latitudes (Intergovernmental Panel on Climate Change 5th Assessment Report, 2014). The dynamics of plant virus epidemics and the losses they cause are likely to be greatly influenced by the direct consequences of climate change, such as increased temperature and, indirectly, the abundance and activity of transmission vectors (Jones, 2009).
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Climate change models predict a progressive increase in global average temperatures of up to 4.6 o C by the year 2100, with regions at higher latitudes warming faster than those at lower latitudes (Intergovernmental Panel on Climate Change 5th Assessment Report, 2014). The dynamics of plant virus epidemics and the losses they cause are likely to be greatly influenced by the direct consequences of climate change, such as increased temperature and, indirectly, the abundance and activity of transmission vectors (Jones, 2009) .
Virus infection of host plants activates a defense mechanism featuring post-transcriptional gene silencing that causes degradation of viral RNA and limits virus accumulation and systemic infection. RNA silencing has been shown to malfunction at low temperatures in several species (Chellappan et al., 2005; Romon et al., 2013; Szittya et al., 2003; Velázquez et al., 2010) . Szittya et al. (2003) suggested that RNA-silencing-mediated plant defenses were temperature-dependent and that the amount of siR-NA gradually increased with rising temperatures. Temperature affects plant-pathogen interactions, and higher growth temperatures can either increase or decrease disease resistance. This reflects the differential influence of the same temperature variation on different plant-pathogen systems (Wang et al., 2009 (Roggero et al., 1996) . Potatoes (Solanum tuberosum) are the world's leading vegetable crop, have become an integral part of much of the world's cuisine, and are the world's fourth-largest food crop, after rice, wheat, and maize (Hijmans and Spooner, 2001 ). However, we lack an understanding of the influence of temperature on the infectivity of Potato virus Y (PVY) and Potato virus A (PVA). The effect of temperature on Potato leafroll virus (PLRV) uptake and transmission by Myzus persicae has been studied (Syller, 1987; Tamada and Harrison, 1981; Webb, 1956) . However, the observations on the role played by temperature on the infectivity of PLRV are not completely consistent. Webb (1956) reported that PLRV was more frequently transmitted by aphids if the virus was acquired at 27 o C and inoculated at 22 o C, than vice versa. Tamada and Harrison (1981) found that the viral content of aphids kept on leaves at different temperatures decreased as temperature increased from 15-30 o C. In the present study, we sought to predict how aphids might transmit viral diseases, and the effects of such diseases on potato crops, as temperatures rose. We examined the effects of temperature on acquisition of PVY-O, PVA, and PLRV by M. persicae. We also examined the establishment of infections and viral accumulation. We employed quantitative reverse transcription and polymerase chain reaction (qRT-PCR) to monitor PLRV multiplication.
Materials and Methods
Effects of temperature on the acquisition of viruses by aphids and establishment of infection. We examined the effects of temperature on the acquisition of PVY-O, PVA, and PLRV, by the natural vector M. persicae (the green peach aphid). We allowed aphids to acquire the viruses by feeding on virus source plants at different Virus transmission using M. persicae. Virus-free cultures of M. persicae were maintained on N. tabacum cv. Samsun growing in cages in a 20 o C growth chamber. For transmission of the virus, we used M. persicae of the second or third instars. The duration of pre-acquisition starvation was 2-3 hours for PVY-O and PVA, but no preacquisition starvation was imposed prior to PLRV transmission. The period of virus acquisition was 5 minutes for PVY-O and PVA, and 3 days for PLRV. The duration of feeding on test plants was 24 hours for PVY-O and PVA, and 3 days for PLRV. After completion of transmission, the aphids were killed by a pesticide spray.
Virus source. For aphid-mediated transmission of PVA or PVY-O, virus-infected N. tabacum cv. Samsun plants served as source plants. For transmission of PLRV, we used PLRV-infected P. floridana. We obtained PLRV source plants and PVA for aphid transmission from B. Fenton (Hutton Institute). The PVY-O inoculates for aphid transmission came from a natural collection maintained in Korea (PVY-Jeju). We maintained virus source plants in a glasshouse and renewed them every two weeks.
Plant growth conditions. We grew N. benthamiana plants from seed in the insect-proof glasshouse. Plants approximately 25-30 days old were used for feeding aphids or for virus transmission tests.
RT-PCR and quantitative RT-PCR to determine viral genomic RNA levels in systemically infected tissues.
The procedures we used for RT-PCR analysis have been described in various studies (Chung and Palukaitis, 2011) . We used RNeasy plant mini kits (Qiagen) to extract total RNA, and removed possible DNA contaminants using a TURBO DNA-free kit (Ambion, Vilnius, Lituania). Sequence-specific primers are listed in Table 1 . To quan-tify the absolute copy numbers of PLRV, we constructed a standard curve employing known concentrations of in vitro transcripts. Synthesis of RNA transcripts was performed according to the manufacturer's instructions using mMESSAGE mMACHINE T7 (Ambion, Austin, TX, USA). Clones of PLRV 627/pGEM-T plasmid DNA were linearized with the SalI restriction enzyme and treated with T7 RNA polymerase. Absolute levels of viral RNAs are expressed as the numbers of viral copies per nanogram of total RNA. For qRT-PCR, 40 ng of DNAse (Ambion, Vilnius, Lituania)-treated RNA was reverse-transcribed (Promega ImProm-II RT; Promega, Fitchburg, WI, USA) using a gene-specific primer. We added 8 μl of cDNA mix prior to subsequent qPCR. All reactions proceeded in a C1000 Touch Thermal cycler (Bio-Rad, Hercules, CA, USA) using the SYBR-Green method (Universal SYBRGreen Supermix; Bio-Rad) Analysis of viral proteins by sodium dodecyl sulfate poly acrylamide gel electrophoresis (SDS-PAGE)-plus, Western blotting, and densitometry. For protein analysis, we collected systemic leaf disks of equal size and ground 0.1 g of leaf tissue in 100 μl of 1 × phosphatebuffered saline prior to centrifugation. The supernatants were mixed with sample buffer (60 mM Tris-HCl pH 6.8, 25% glycerol, 2% SDS, 14.4 mM 2-mercaptoethanol, and 0.1% bromophenol blue) and boiled for 5 minutes before loading onto a 12.5% polyacrylamide gel containing 0.1% SDS to separate the proteins. The samples were run at 100 V for 1.5 hours. Proteins were transferred to nitrocellulose membranes at 250 mA for 1 hour, after which the membranes were blocked and probed with primary antiviral antisera. We detected the proteins using a commercial secondary antiserum and SigmaFast TM BCIP/NBT substrate tablets (Sigma Aldrich, St. Louis, MO, USA). We obtained rabbit antiserum against PVY-O from the Plant Virus GenBank (Seoul Women's University, Seoul, Korea). The rabbit antiserum against PVA was from the American Type Culture Collection catalog No. PVAS 266. The secondary antiserum was a polyclonal antirabbit IgG conjugated with alkaline phosphatase (Sigma Aldrich). We performed densitometric analysis of protein bands using the public-domain software ImageJ (http:// imagej.nih.gov/ij/index.htmls). The numbers were derived from selected Western blot panels, and quantify protein levels as percentages of the values of the internal control within the same blot.
Results and Discussion
The effects of temperature on the acquisition and transmission of PVY-O, PVA, and PLRV by M. persicae. We determined the effects of temperature on viral acquisition by M. persicae by conducting transmission tests using N. benthamiana to assess PVY-O and PVA infection, and P. floridana to assess PLRV infection. The efficiency of aphid transmission to host plants was influenced by temperature, both in terms of acquisition of the virus by aphids and establishment of the infection. The plant infection rates with PVY-O, PVA, and PLRV initially increased with increasing temperature, after which the rates decreased (Fig. 1, Supplementary Table 1 ). The transmission rates for all three viruses were considerably reduced when M. persicae acquired the viruses at 10 o C or 30 o C. The PLRV content of M. persicae increased with increasing temperature, to 20 o C, and then declined (Fig. 2) (Fig. 4) . Greater PLRV H  1  2  1  2  1  2 1  2  H  1  2 1  2  1  2 1  2  M  H  1  2  1  2  1  2 favorable for virus proliferation in the plants.
An earlier study suggested that higher temperatures could lower the resistance of plants to infection with PLRV (Webb, 1956 ); Webb noted that the highest temperature at which plants could maintain resistance was 27 o C. This is not in line with our results. The infection rate of PLRV was reduced in P. floridana kept at 30 o C after viral transmission (Fig. 3) , and the virus content of plant tissues also fell slightly (Fig. 4) . (Fig. 5A ). At temperatures above 25 o C, CP of PVY-O accumulated by 8 days, but disappeared over time, and was almost undetectable at 15 days (Fig. 5A) . PVA accumulation was not evident at 10 o C at 10 days, but was at 15 days ( (Fig. 5C, Supplementary Table 3 ). These results indicate that replication and/or movement of both PVY-O and PVA are/is slow below 15 o C. Also, viral RNA levels began to gradually fall at 30 o C. We thus infer that RNA silencing increased at 30 o C, consistent with the data of previous reports (Chellappan et al., 2005; Szittya et al., 2003; Velázquez et al., 2010) . RNA silencing increases when the temperature is raised. Accordingly, the observed reduction in CP accumulation at 30 o C may be attributable to increased host resistance mediated by enhanced RNA silencing at higher temperatures. (Fig. 6) . Expression of PVY-O and PVA symptoms were delayed at 10 o C (data not shown). Notably, P. floridana plants were symptomless at all temperatures tested (Fig. 6) .
These results are consistent with those of previous studies. Rising temperatures negatively affected the expres- (Dahal et al., 1998) . Symptom development in Papaya ringspot virus-infected papaya plants was delayed at high temperatures (40) (41) (42) (43) (44) (45) o C). In the present study, the delays in expression of symptoms of PVY-O and PVA infections are consistent with data of a previous study. Soybean mosaic virus replication and movement in soybean plants were inhibited at low tem- (Zheng et al., 2005) . Szittya et al. (2003) suggested that RNA silencingmediated plant defenses were temperature-dependent and that the levels of siRNAs increased gradually with rising temperatures. In our present study, fewer N. benthamiana plants became infected by PVY-O or PVA when the viruses were held at 30 o C during infection, and viral symptoms were attenuated. Attenuated symptoms were associated with reduced virus levels (Fig. 5) . We hypothesize that attenuation of viral symptoms is evident when replication is reduced, viral movement slowed, viral suppressor levels decrease, or host plant resistance increases. A recent report (Del Toro et al., 2015) showed that the lower PVY and Potato virus X titers in leaf disks at higher temperatures were not attributable to inactivation of viral suppressors by antiviral silencing at higher temperatures.
Western blotting showed that PVY-O or PVA accumulated in plants grown above 25 o C by 8 days postinoculation. However, as time passed, viral accumulation reduced (Fig. 5 ). This result rules out the notion that suppression of virus replication attenuated viral symptoms at high temperatures. Thus, it is possible that host plant resistance increases over time after infection. This observation is compatible with recovery of host plants after infection. Symptom recovery in virus-infected plants is characterized by the emergence of asymptomatic leaves after systemic symptomatic infection, and has been linked to induction of RNA silencing (Baulcombe, 2004) . One recent report (Ghoshal and Sanfaçon, 2014) supports the assumption that resistance increases at higher temperatures. Ghoshal and Sanfaçon (2014) found that growth of plants at a lower temperature (21 o C rather than 27 o C) alleviated the recovery. The recovery of Tomato ringspot virus-infected plants was associated with the AGO1 siR-NA, which plays a central role in RNA silencing.
